Introduction
Recently, we can note increasing the interest in studying the prospects of nanofluids as working fluids of vapor compression refrigeration equipment (solution of refrigerant/compressor oil/nanoparticles) and as coolants (heat transfer fluids containing nanoparticles) [1] [2] [3] [4] [5] . Therefore, the problem of experimental investigation and predicting of nanofluids thermophysical properties promising for refrigeration is of current importance.
The surface tension of nanofluids is rather difficult measured because two reason. Firstly, the equilibrium in the measuring cell with studied samples is achieved long time [6] . Secondly, the nanoparticles influence interfacial angle. But information on surface tension is necessary for modelling boiling processes with nanofluids.
A number of papers dedicated to development the predicting methods for the surface tension of pure liquids and their mixtures [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] have been published from the middle of the last century to the presents. These methods can be divided into two types: empirical correlations and methods based on thermodynamic approaches.
The empirical methods have been widely used and will be used in further. But the experimental investigation of each new multicomponent technical liquid is needed quite large monetary and human labor expenditures.
Methods based on thermodynamic approaches are reviewed in [7] [8] [9] . Molecular dynamic simulations were first used in 1976 when Rao et al. [10] presented the possibility of computing the surface tension of a liquid film from statistical thermodynamic relations. Currently, this approach is successfully applied for surface tension predicting for both pure liquid and their mixtures [11] . Nevertheless, models based on molecular dynamics are not suitable for complex thermodynamic systems.
Introduced by Brock and Bird in 1955 the corresponding states principle allows to estimate surface tension from the critical constants [12] . Curl and Pitzer improved this model, which is restricted to short and weakly polar molecules by introducing an acentric shape parameter [13] . For example, in recently published papers [14, 15] new simple correlations based on the principles are corresponding states proposed to estimate the temperature-dependent liquids surface tension. The new correlations were obtained by 41 fitting surface tension data of number different liquids (refrigerants, hydrocarbons and some other inorganic liquids). The new correlations have several fitting coefficients and require such input data: critical point temperature, triple point temperature and surface tension or temperature and surface tension values at the boiling point.
Group contribution-based methods are popular approaches to predict physicochemical properties. For purpose of surface tension prediction, a model was introduced by Egemen et al. in 2000 [16] . Moreover, an extended model was proposed by Conte et al [17] . Li et al. [18] presented a new method based on a combination of corresponding-states and group contribution models. In addition, Zhelezny et al. proposed a new scaling principlequantitative structure-property relationship method for predicting the physicochemical (including surface tension) properties [19] .
As can we see from short review, the major number of studies on predicting the surface tension considered pure liquids. There is some progress in predicting the surface tension of various mixtures using the thermodynamic approach [11, 20, 21] . There are some studies dedicated predicting the surface tension of mixtures refrigerants and solutions of refrigerant in compressor oil [5, 7, 22, 23] , that we are interested in. But studies dedicated predicting the surface tension of nanofluids are absence at present. Based on mentioned, we can be stated that the problem of predicting the surface tension of complex thermodynamic systems, such as nanofluids, remains outstanding.
It should be noted that the surface tension of liquids and the saturated vapor pressure are due to a specific intermolecular interaction in the region of spatial heterogeneity of the substance (surface layer). Moreover, the compositions of the surface layer of solutions and nanofluids and their bulk liquid phase are not equal [23] . The presence of nanoparticles in the base fluid affects the composition and structure of the surface layer of liquids. However, there are no methods for determining the composition of the surface layer of nanofluids and this fact complicates establishing the dependence of the surface tension on the state parameters of nanofluids.
It should be mentioned that the number of possible methodological errors in measurements of the saturated vapor pressure of nanofluids is significantly lower than for the surface tension measurements. Therefore, scientific and practical interest has establishing the relation between the surface tension and the saturated vapor pressure of nanofluids when developing the predicting models on surface tension.
Objects of study
The objects of study were been two fluids: nanofluids isopropanol/Al 2 O 3 nanoparticles and solution of fullerenes C 60 in o-Xylene.
Sigma-Aldrich isopropanol/Al 2 O 3 nanofluid (Product № 702129) with a nanoparticle content of 0.20±0.01 kg·kg -1 was used in this study. This nanofluid was chosen because isopropanol forms stable over time colloidal solutions with Al 2 O 3 nanoparticles over a wide range of concentrations and temperatures [26] . According to the manufacturer, the size of the Al 2 O 3 nanoparticles (CAS 1344-28-1) was not greater than 50 nm (dynamic light scattering) with a purity of 99.9% (Trace Metals Analysis). Samples were prepared by diluting the nanofluid № 702129 with isopropyl alcohol (CAS 67-63-0, 99.7% purity). Diluted nanofluid was homogenized by simple, short term mechanical shaking.
o-Xylene was chosen as base fluid due to it is good solvent for fullerene C 60 over a wide range of concentrations and temperatures [27] . According to the manufacturer (Suzhou Dade Carbon Nanotechnology Co., Ltd), the purity of C 60 (CAS 99685-96-8) was not less than 99.5%. Samples were prepared by mixing the fullerenes C 60 with o-xylene (CAS 95-47-6, 99.7% purity). Solution was homogenized by sonication for 2 hours using the ultrasonic bath.
Colloidal stability of nanofluid isopropanol/Al 2 O 3 nanofluids was studied in our previous paper [26] and excellent stability for wide nanoparticles mass fraction range was shown. Mass fraction of С 60 in o-Xylene was chosen in accordance with [27] to provide full solubility of fullerenes without clasterisation.
An experimental investigation of the surface tension and saturated vapor pressure
Determination of the saturated vapor pressure P S for the samples has been performed by a static experimental method. An experimental setup has been designed in order to measure the saturation vapor pressure of the nanofluids. A schematic outline of the experimental setup is shown in Fig. 1 . For investigation the effect of Al 2 O 3 nanoparticles and C 60 additives on the surface tension σ the modified differential method of capillary rise has been applied. The essence of this method is the measurements of the difference for height of rising of the liquid's meniscus in a few capillary pair and following calculation of the weighted average value of capillary constant a 2 . This makes it possible to significantly increase the accuracy of the experimental data. A schematic outline of the experimental setup is given in Fig. 2 . 
where '
 and  are the density of liquid and vapor phases, respectively; g is an acceleration of gravity; a 2 is the capillary constant.
It is shown that additives of Al 2 O 3 nanoparticles and fullerenes C 60 lead to a decrease in the surface tension and increase in the saturated vapor pressure.
The experimental data on saturated vapor pressure and surface tension for nanofluids isopropanol/ Al 2 O 3 nanoparticles and solution o-Xylene/fullerene C 60 were fitted as 2 Analysis of obtained experimental data shows there is a relationship between the saturated vapor pressure and surface tension for the objects of study at all ranges of nanoparticles mass fractions.
Previously similar conclusion has been obtained for halogen hydrocarbons and its solution with mineral compressor oils [23] . This conclusion can use to develop the methods for surface tension prediction with using the more available and precision information about saturated vapor pressure of liquids, solutions or nanofluids.
The graphics confirmation of presence the relationship between the saturated vapor pressure, surface tension and nanoparticles mass fraction are shown on Figs. 9 and 10. The functional relationship between the surface tension and saturated vapor pressure of the liquids was examined using following reduced parameters:
where φ, π are reduced surface tension and saturated vapor pressure; σ nb is the surface tension of a saturated liquid at the normal boiling point; P C is the critical pressure;
is the reduced temperature; Т С is the critical temperature.
In our previous paper [23] it was demonstrated the existence of the functional relationship between the surface tension and saturated vapor pressure for the pure liquids. It makes it possible to predict the surface tension of pure liquids in a wide temperature range, using available information on the saturated vapor pressure. Analysis of the relationship between functions φ and π for different hydrocarbons showed similar behavior (see Fig. 11, [23] ). The main difficulty to establish the relationship
for nanofluids is lack of information about its pseudocritical pressure. But as was shown in [5] the additives of nanoparticles do not lead to significant variation in pseudocritical pressure. Therefore as an assumption we use the constant value of pseudocritical pressure equal the value for pure base fluid. At the first stage of the study was established the relationship
in temperature range 298 -343 K (Fig. 12 ) and for solutions o-Xylene/C 60 in temperature range 283 -348 K (Fig. 13 ). 13 ). This makes possible to predict the surface tension of nanofluids in a wide temperature range using available information on the saturated vapor pressure. In our further research we are going to evaluate pseudocritical temperature and pressure for nanofluid isopropanol/Al 2 O 3 and solution o-xylene/C 60 with using the methodology [5] and estimate functional relationship between surface tension and saturated vapor pressure for the studied nanofluids.
Conclusion
Based on obtained experimental data the several conclusions can be made.
The nanoparticles Al 2 O 3 and fullerenes C 60 additives lead to decrease the surface tension and increase the saturated vapor pressure at different mass fraction of additives in base fluids. We assume that the reason for these effects is the difference between the effective mass fraction of nanoparticles in the surface layer of nanofluid and the mass fraction of nanoparticles in the bulk of liquid phase. This effect, as well as the presence of adsorption molecules of base fluid on the nanoparticles surface in the nanofluid, leads to a change in the structure of the surface layer of nanofluids. In the surface layer the forces of mutual attraction between the molecules of the base fluid decrease, which contributes to a decrease in surface tension and an increase in saturated vapor pressure.
It was shown that relationship between reduced surface tension and reduced saturated vapor pressure for studied nanofluids at different mass fraction of nanoparticles has almost linear dependences. This makes possible to predict the surface tension of nanofluids in a wide temperature range using available information on the saturated vapor pressure.
Goal of authors's further studies is establishment of a functional relationship between reduced surface tension and reduced saturated vapor pressure for different nanofluids.
